Three-dimensional (3D) micro/nano hierarchical structure semiconductor catalysts not only inherit the excellent properties of single nanometer-size building blocks resulting from their high specific surface area and high activity but also provide the merits of high dispersion and easy recovery of microstructures. Herein, the interlaced nanoflake-assembled flower-like hierarchical Ag/Cu 2 O composite microspheres have been prepared via a one-step, environmentally friendly solvothermal method. Such interlaced nanoflake-assembled flower-like hierarchical Ag/Cu 2 O composite microspheres show an excellent photocatalytic activity, which is 121 times faster than that of the commercial Cu 2 O powders, and is one of the highest reported to date in the Ag/Cu 2 O composite materials for the degradation of Methyl Orange (MO) under visible light illumination. Our experimental results for photodegradation of MO also indicate that the existence of Cu in the products does not favor high photocatalytic activity for Ag/Cu 2 O composites, which may be due to the existence of excess metal in the products which provides the recombination centers for electron-hole pairs. After five consecutive cycles, the photocatalytic activity of the interlaced nanoflake-assembled flower-like hierarchical Ag/Cu 2 O composite microspheres almost remains unchanged, indicating that they are photostable during the photodegradation of MO. Most importantly, such micrometer-sized overall structures of the interlaced nanoflake-assembled flower-like hierarchical Ag/Cu 2 O composite microspheres enable them to be recycled and reused easily from solution by natural settlement in a short time. These results suggest that the interlaced nanoflake-assembled flower-like hierarchical Ag/Cu 2 O composite microspheres had potential applications in visible light photocatalysis for environmental remediation.
Introduction
It is well known that semiconductor photocatalysts with nanometer size display excellent catalytic activity resulting from their high specic surface area and high activity. [1] [2] [3] [4] [5] However, easy agglomeration is one of the biggest drawbacks of these materials, which causes a sharp decline in the photocatalytic activity. 6 In addition, nely nanometer-sized catalysts are very difficult to recycle from the liquid system, resulting in low utilization and recontamination. Considering these shortcomings of nanometer-size catalysts, more attention has been paid to assemble low-dimensional nanometer-size building blocks (such as nanoparticles, nanowires, nanotubes, and nanoakes) into three-dimensional (3D) micro/nano hierarchical structure semiconductor catalysts. [7] [8] [9] Such 3D micro/nano hierarchical structure semiconductor catalysts not only inherit the excellent properties of the single nanometer-size building blocks resulting from their high specic surface area and high activity but also provide the merits of high dispersion and easy recovery of microstructures.
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Cuprous oxide (Cu 2 O) is a p-type metal oxide semiconductor with a direct band gap of 2.0-2.2 eV, which makes it a potentially promising photocatalyst for the photochemical decomposition of water into O 2 and H 2 and photocatalytic degradation of organic pollutants under visible light illumination.
14-17 However, pure Cu 2 O exhibits very poor quantum efficiency because of the easy recombination between electron and hole. 18 To overcome this limitation, modication of Cu 2 O with noble metals (Ag, Au, Pt or Pd) is one of the most efficient ways. [19] [20] [21] [22] This is mainly due to the fact that the noble metals can act as electron sinks due to the schottky barrier at the metal-semiconductor interface, while the photo induced holes can remain on the semiconductor surface. 23, 24 Therefore, the recombination of the electrons and holes can be prevented, and the photocatalytic efficiency of semiconductor is improved. In addition, compared with other noble metals (Au, Pt and Pd), Ag is more attractive because of its high electrical, low cost, and nontoxicity. [25] [26] [27] [28] [29] It is widely accepted that Ag nanostructures exhibit a wealth of optical and photoelectrochemical properties directly related to their geometry dependent surface plasmon resonances, which make them great potential candidates in the eld of photocatalysis. 30 So, there have been many outstanding studies on the preparation of Ag/Cu 2 O composites for photocatalytic degradation of organic pollutants in wastewater. Li 
Photocatalytic properties
The catalytic activity experiments of the obtained products for the oxidation and decoloration of the Methyl Orange (MO) dye under visible light illumination were carried out at ambient temperature. In our experiment, 40 mg of the obtained products were dispersed in 40 mL of MO aqueous solution (30 mg L À1 ).
The catalyst/substrate ratio is 33.3 mg catalyst per mg substrate in our model reactions. Before illumination, the mixed solution was magnetically stirred in the dark for 20 min to ensure the establishment of an adsorption-desorption equilibrium and then followed by standing for 10 min. Then, the dispersion was irradiated by a 500 W xenon lamp under magnetic stirring (500 rpm, the distance between the dispersion and xenon lamp is 10 cm). At given time intervals, the dispersion was sampled and centrifuged to separate the catalyst. The concentration of MO in the solution was determined at different intervals using a UV/vis/NIR spectrophotometer (Hitachi U-4100). In addition, we have also studied the effect of the hydrogen peroxide solution (H 2 O 2 , 30% wt) on the photocatalytic degradation of MO aqueous solution.
Characterization
Powder X-ray diffraction (XRD) patterns were obtained in the 2q range of 15-85 using a Philips X'Pert Pro X-ray diffractometer with Cu Ka radiation (1.5418Å). The scanning electron microscope (SEM) images were taken on a SEM (JEOL-6610-LV), equipped with X-ray energy dispersive spectroscopy (EDS, X-Max, Oxford Instruments) capabilities, working at an accelerating voltage of 10.0 kV. The transmission electron microscope (TEM) and high resolution transmission electron microscope (HRTEM) analysis images were performed on a JEOL JEM-2100 transmission electron microscope operating at an accelerating voltage of 200 kV. The X-ray photoelectron spectroscopy (XPS) was collected on the ESCALab MKII X-ray photoelectron spectrometer (K-Alpha 1063). Photoluminescence (PL) spectra were tested on a F280 uorescence spectrophotometer. The UV-vis spectra were measured by a UV/vis/NIR spectrophotometer (Hitachi U-4100).
3 Results and discussion
Structure and morphology of interlaced nanoake-assembled ower-like hierarchical Ag/Cu 2 O composite microspheres
The composition and phase purity of the as-prepared product are carried out by X-ray diffraction (XRD). The obtained pattern is identied through comparison with standard Cu 2 O and Ag patterns. As shown in Fig. 1 (110), (111), (200), (220), (310), (311) and (222) nanoake-assembled ower-like hierarchical structure. In addition, the ower-like hierarchical structure is composed of interlaced nanoakes with a thickness of 80-90 nm. The asprepared microspheres are monodispersed and can be well dispersed in the solution without large aggregation ( Fig. 1 (a) and (b)). In order to obtain detailed information about Ag and Cu 2 O distributions in the ower-like hierarchical Ag/Cu 2 O composite microspheres, the product is also analyzed by electron mapping image analysis ( Fig. 2(a-d) ). The images are acquired by visualizing the inelastically scattered electrons in the energy loss windows for elemental Cu, Ag, and O. The different color areas shown in parts (b-d) of Fig. 2 indicate Cu-, Ag-, and O-enriched areas of the product, respectively. The images show that the elemental Cu and Ag are well dispersed on the surface of the ower-like hierarchical Ag/Cu 2 O composite microspheres. Fig. 2 (e) shows EDS spectrum of the product, in which the Cu, Ag, and O elements is observed. Transmission electron microscopy (TEM) is also used to characterize the ower-like hierarchical Ag/Cu 2 O composite microspheres. The nanoakes, constructing the hierarchical composite microsphere, are transparent to electron beam ( Fig. 2(f) ). In some areas, the nanoake is oriented approximately perpendicular to the plane of the supporting copper TEM grid (marked by black arrow in Fig. 2(f) ), from which the thickness of the nanoake is estimated to be around 110 nm. A typical high resolution transmission electron microscopy (HRTEM) image of Ag/Cu 2 O heterostructures (as shown in Fig. 2(g) ) reveal that the metallic Ag nanoparticles with a diameter of 5-10 nm (indicated by orange dotted circles in Fig. 2(g) ) attach on the surface of Cu 2 O nanoakes. The HRTEM image also shows the interplanar spacing of 0.24 nm and 0.23 nm (marked by white lines and arrows), which correspond to (111) lattice planes of Cu 2 O and (111) lattice planes of Ag, respectively.
The surface components and chemical states of the ower-like hierarchical Ag/Cu 2 O composite microspheres are investigated by XPS analysis and the corresponding results are shown in Fig. 3 . The survey spectrum shows the silver peaks (Ag 3d), the copper photoelectron peaks (Cu 3s, Cu 2p, Cu 3p, and its Cu LMM Auger), the oxygen peaks (O 1s) and the photoelectron peak of the adventitious carbon (C 1s). The appearance of C peak mainly comes from pump oil due to vacuum treatment before the XPS test. No other peaks can be observed, indicating that the composite microspheres are composed of Cu, Ag and O.
High-resolution spectra of Ag, Cu and O species are shown in Fig. 3(b-d) , respectively. Fig. 3(b) shows the Ag 3d XPS spectrum for the composite microspheres. Two peaks located at 374.0 eV and 368.1 eV are attributed to Ag 3d 3/2 and Ag 3d 5/2 , respectively. Peak positions of Ag 3d are close to that of pure metallic Ag. 34 In addition, the binding energy of Ag 3d shis to a lower binding energy compared with the corresponding value of the bulk Ag (368.2 and 374.2 eV, respectively), due to the interaction between the Ag and Cu 2 O microcrystals. The XPS spectrum shown in Fig. 3(c) Fig. 3(d) , the O 1s prole is asymmetric and can be tted into two symmetrical peaks located at 531.7 (Peak 1) and 530.1 eV (Peak 2). The tted peaks are originated from the lattice oxygen of adsorbed oxygen and Cu 2 O, respectively. 37, 38 The XRD, EDS and XPS (as shown in Fig. 1(a) , 2(e) and 3) results consistently prove the formation of Ag and Cu 2 O. C and 1 h, respectively. As shown in Fig. 4(a) , the ower-like hierarchical microspheres with a diameter about 3-4 mm are obtained when the molar ratio of Cu(NO 3 ) 2 $3H 2 O to AgNO 3 is 2.0 mmol/0.376 mmol. Under the molar ratio of 2.0 mmol/0.5 mmol, the ower-like hierarchical microspheres are still able to be prepared (Fig. 4(b) ). When the molar ratio is 1.5 mmol/0.252 mmol, the ower-like hierarchical microspheres are also prepared successfully (Fig. 1) . Thus, the molar ratio of Cu(NO 3 ) 2 $3H 2 O to AgNO 3 is not obviously effect on the morphology. The corresponding XRD patterns of the Sample 1 and 2 are shown in Fig. 4 (c) and (d), respectively. From the gures, it is clear that the coexistence of Ag and Cu 2 O. In addition, impure diffraction peaks are also detected (marked by purple inverted triangles). Aer careful analysis, these impure diffraction peaks can be indexed to the pattern of copper (Cu) according to JCPDS card no. 70-3038, as shown in Fig. 4 (c) and (d). In addition, the exact contents of Cu in Sample 1 and 2 are 1 wt% and 3 wt%, respectively. In our experiments, we have also systematically studied the effect of the reaction time on the (Fig. S1 †) .
Optical properties of Ag/Cu 2 O composites
The UV-vis diffuses reectance spectra of the ower-like hierarchical Ag/Cu 2 O composite microspheres, the Ag/Cu 2 O-1 wt% Cu and the Ag/Cu 2 O-3 wt% Cu are shown in Fig. 5(a) . According to the Kubelka-Munk equation: a ¼ (1 À R) 2 /2R, where R is the reection coefficient of the product, R ¼ 10
ÀA
, A is an optical absorption. The optical band gap (E g ) can be related to absorption coefficient (a) by the following equation: Fig. 5(b)-(d) The characteristic absorption peak at 464 nm of MO is monitored to follow the catalytic degradation process. The ratio C/C 0 is used to describe the degradation, which stands for the concentration ratio aer and before a certain reaction time. Fig. 6 (a) summarizes the activities of the photocatalyst toward MO degradation through monitoring the adsorption intensity at 464 nm versus time. Before visible light illumination, the mixed solution containing the catalyst and MO is stirred in the dark for 20 min to ensure that MO is adsorbed to saturation on the surface of catalysts. In the control experiment without any catalyst (blank experiment, curve (i) in Fig. 6(a) ), C/ C 0 (relative concentration) of MO is degraded by only 0.04% aer visible light illumination for 20 min (Fig. 6(c), Panel i) . A photocatalytic test is also conducted using commercial Cu 2 O under the same conditions as aforementioned (curve (ii) in Fig. 6(a) ). It can be seen that about 3.36% of the MO is degraded aer 20 min (Fig. 6(c) , Panel ii). Further experiment is carried out to compare the photocatalytic properties of the ower-like hierarchical Ag/Cu 2 O composite microspheres, the Ag/Cu 2 O-1 wt% Cu and Ag/Cu 2 O-3 wt% Cu. Under the same conditions, the ower-like hierarchical Ag/Cu 2 O composite microspheres illustrate a higher photocatalytic activity (curve (iii) in Fig. 6(a) ) than the Ag/Cu 2 O-1 wt% Cu (curve (iv) in Fig. 6(a) ) and the Ag/ Cu 2 O-3 wt% Cu (curve (v) in Fig. 6(a) ). About 81.2% of the MO is degraded by the ower-like hierarchical Ag/Cu 2 O composite microspheres (Fig. 6(c) , Panel iii) aer 20 min; by contrast, the Ag/Cu 2 O-1 wt% Cu decompose the MO to 66.3% aer 20 min (Fig. 6(c) , Panel iv) and the Ag/Cu 2 O-3 wt% Cu decompose the MO to 62.8% aer 20 min (Fig. 6(c) , Panel v). From experimental results, this indicates that the existence of Cu in the products does not favor high photocatalytic activity for Ag/Cu 2 O composites. The photocatalytic activity gradually decreases with increasing Cu content. The photoluminescence (PL) technique is an effective way to study the efficiency of charge carrier trapping, immigration and transfer. A lower PL intensity usually implies a lower electronhole recombination rate and higher photocatalytic activity.
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Fig . 7 shows the measured PL emission spectra of the asprepared structures at an excitation wavelength of 325 nm, which is higher than the band gap of Cu 2 O. It is clearly observed that the commercial Cu 2 O display a strong PL intensity at around 650 cm À1 , which should be the near band emission of Cu 2 O. 41 Aer the Ag is combined with the Cu 2 O, the PL intensity shows an apparent decrease, indicating that the recombination of the excitons in Cu 2 O is efficiently hampered. However, in the case of Ag/Cu 2 O-1 wt% Cu, evidently the PL intensity is increased compared to Ag/Cu 2 O, suggesting that Cu inhibits the photogenerated electrons trapped by Ag, thereby resulting in the PL intensity increasing. Moreover, it is noted that the PL intensity of Ag/Cu 2 O-1 wt% Cu is also lower than Ag/Cu 2 O-3 wt% Cu. Based on the above results, it is concluded that the existence of excess Cu in the products provides the recombination centers for electron-hole pairs 42, 43 and thereby the Ag/ Cu 2 O shows more effective charge separation. As displayed in Fig. 7 , the PL intensity follows the order: Ag/Cu 2 O < Ag/Cu 2 O-1 wt% Cu < Ag/Cu 2 O-3 wt% Cu < commercial Cu 2 O, which is greatly consistent with the photocatalytic results.
The photodegradation of MO can be described as pseudo rst order: ln(C/C 0 ) ¼ Àkt, where C 0 and C are MO concentrations initially and aer time t, respectively, and the rate constants (k, min À1 ) are determined from plots of ln(C/C 0 ) versus illumination time. Fig. 6(b) shows the linear relationship represented by the ln(C/C 0 ) versus reaction time t for different catalysts employed in our work. The apparent reaction rate constant (k) can be calculated from the rate equation ln(C/C 0 ) ¼ Àkt. The reaction rate constants for the photodegradation of MO are
and k v ¼ 0.05 min À1 for the blank experiment, the commercial Cu 2 O, the ower-like hierarchical Ag/Cu 2 O composite microspheres, the Ag/Cu 2 O-1 wt% Cu and Ag/Cu 2 O-3 wt% Cu composites, respectively ( Fig. 6(d) ). From the results, the kinetic reaction constants k of MO photodegradation in the presence of the ower-like hierarchical Ag/Cu 2 O composite microspheres is 121, 1.43 and 2 times faster than that of the reaction in the presence of the commercial Cu 2 O, the Ag/Cu 2 O-1 wt% Cu and the Ag/Cu 2 O-3 wt% Cu composites, respectively. Table 1 summarizes the photocatalytic degradation capacity of various photocatalysts for MO. It is found that the photocatalytic degradation capacity of the ower-like hierarchical Ag/Cu 2 O composite microspheres is lower than that of nanoscale Cu 2 O. Even though, the photocatalytic degradation capacity of the ower-like hierarchical Ag/Cu 2 O composite microspheres for MO is still better than that of other previously reported Ag/Cu 2 O composites and some other related semiconductor photocatalyst materials. Fig. 6 (e) shows the effect of H 2 O 2 dosage on the photocatalytic activity of the ower-like hierarchical Ag/Cu 2 O composite microspheres. As shown in Fig. 6(e) , the photodegradation rates 44 It is possible that more radicals are formed in the presence of H 2 O 2 , thus leading to an increase of the photodegradation rate.
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The degradation rate versus different initial dosage of H 2 O 2 has been shown in Fig. 6(f) can result in a selfconsumption and scavenging effect of cOH radical through the reaction described by eqn (1) and (2); at the same time, cOH radicals can also dimerize to H 2 O 2 by eqn (3) at high dosage.
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Catalyst stability and reusability are of vital importance in practical applications. The photocatalytic activity for the ower-like hierarchical Ag/Cu 2 O composite microspheres in degradation of MO is studied in consecutive cycles (90 min illumination for each cycle) and shows in Fig. 8(a) . From the results obtained, Fig. 8(b) . When the ower-like hierarchical Ag/Cu 2 O composite microspheres are illuminated by visible light with photon energy higher than the band gap of Cu 2 O, electrons in the valence band (VB) can be excited to the conduction band (CB), leaving behind the same amount of holes in VB. As the work function of Ag (4.6 eV) is greater than that of Cu 2 O (4.2 eV), 62, 63 electrons hence can be transferred from the CB of Cu 2 O to Ag.
1,64
The holes in the VB can be trapped by the OH À (or H 2 O), resulting in the formation of cOH radical species. 65 The electrons can be captured by the adsorbed O 2 and form the superoxide anion radicals (cO 2 À radicals). The cO 2 À radicals can ultimately be reduced to cOH radicals. 66 It is known that the cOH radicals are able to oxidize pollutants due to their high oxidative capacity. Hence, under visible light illumination, MO molecules can be photodegraded by the ower-like hierarchical Ag/Cu 2 O composite microspheres. When H 2 O 2 is added in the reaction system, the electrons and holes can be also captured by H 2 O 2 molecules, leading to the formation of more cOH radicals, as shown in Fig. 8(b) , which is in favor of oxidizing MO molecules. Thus, an appropriate dosage of H 2 O 2 can accelerate the photocatalytic activity of the ower-like hierarchical Ag/Cu 2 O composite microspheres.
Conclusion
In summary, we have synthesized the interlaced nanoake-assembled ower-like hierarchical Ag/Cu 2 O composite microspheres via a one-step, environmentally friendly solvothermal method. Inuencing factors, such as the molar ratio of Cu(NO 3 ) 2 $3H 2 O to AgNO 3 , play important roles in the contents of Cu in the obtained products. The as-prepared interlaced nanoake-assembled ower-like hierarchical Ag/ Cu 2 O composite microspheres exhibit better photocatalytic properties in photodegradation of MO compared with the commercial Cu 2 O. Our experimental results for photodegradation of MO also indicate that the existence of Cu in the products does not favor high photocatalytic activity for Ag/ Cu 2 O composites. The photocatalytic activity gradually decreases with increasing Cu content. It may be due to the existence of excess metal in the products which provides the recombination centers for electron-hole pairs. The addition of small amounts of H 2 O 2 can further accelerate the photodegradation rate of the interlaced nanoake-assembled ower-like hierarchical Ag/Cu 2 O composite microspheres.
Aer ve consecutive cycles, the photocatalytic activity of the interlaced nanoake-assembled ower-like hierarchical Ag/ Cu 2 O composite microspheres almost remain unchanged, indicating that they are photostable during the photodegradation of MO. Most importantly, such micrometer-sized overall structures of the interlaced nanoake-assembled ower-like hierarchical Ag/Cu 2 O composite microspheres enable them to be recycled and reused easily from solution by natural settlement in a short time. These results suggest that the interlaced nanoake-assembled ower-like hierarchical Ag/Cu 2 O composite microspheres had potential applications in visible light photocatalysis for environmental remediation.
